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Introduction
The deposition of β-amyloid (Aβ) is considered one of the initial events in the pathogenesis of Alzheimer´s disease (AD) (Braak et al., 1991) , and most likely begins years before the onset of detectable cognitive symptoms in familial (Bateman et al., 2012) as well as sporadic forms of AD (Skoog et al., 2003) . In the classical model, initial Aβ accumulation is followed by gradual progression of neurodegeneration and subsequent cognitive decline (Jack et al., 2010) . Transgenic animal models of Aβ pathology provide mechanistic insight into some aspects of AD pathology related to Aβ accumulation, but transfer of findings to the AD phenotype in humans is limited (Foley et al., 2015) . Using quantitative neuroimaging is a possible aid to improve translation of mechanistic findings in transgenic models to human end phenotypes of brain morphology or function (Teipel et al., 2011) . Brain morphometry based on high resolution MRI is considered a proxy of neuronal loss in humans (Bobinski et al., 2000) . Proton magnetic resonance spectroscopy ( 1 H MRS) is an in-vivo technique to analyze neuronal functional viability in transgenic animal models (Mlynarik et al., 2012) and human studies (Arora & Bhagat, 2016) . Each observable metabolite can potentially serve as a marker being representative for pathological processes at a molecular or cellular level. Nacetylaspartate (NAA) is considered to reflect neuronal mitochondrial function (Clark et al., 1998; Moffet et al., 2007) . So, reduced NAA levels are found in AD patients in correlation to brain pathology and disease progression (Ross et al., 1998) . Although they appear to be partly independent from regional atrophy (Schuff et al., 1997) , diminished NAA-levels may potentially serve as functional markers of intervention effects (Paslakis et al., 2014) . NAA reductions have been described in a wide range of transgenic models of Aβ pathology (Chen et al., 2012; Mlynarik et al., 2012) . A common AD model is the APPswe/PS1dE9 mouse that is characterized by an early-onset age-related increase in Aβ-levels with Aβ depositions starting at 4-6 months of age and morphological alterations (Perez et al., 2005 Garcia-Alloza et al., 2006 . In a longitudinal study using APPswe/PS1 (M146L) mice from 2.5 to 9 months of age, Lau et al. (2008) observed volumetric reductions in these animals, although no general brain atrophy Here, we combined MRI-based morphometry, MRS-based NAA-assessment and histological analysis of neuron and glial cell numbers and amyloid plaque load in the APPswe/PS1dE9 mouse model to comprehensively assess interaction between histological and neuroimaging markers of neuronal loss, neuronal function, and brain atrophy. We hypothesized that we would find more pronounced alterations of NAA as a functional marker instead of volumetric changes, in the APPswe/PS1dE9 animals at the age of 12 months compared with age-matched wildtype controls. These data would support the interpretation of MRS changes in human studies and might serve as basis for the future use of MRS-based NAA assessment in preclinical intervention trials. The resulting grey matter, white matter and CSF maps were summed and binarized to obtain a binary brain mask that was used in the second step to mask the segmentation of the individual realigned T2-weighted RARE scans using the segmentation procedure described above using light regularization to account for signal inhomogeneity in the scans.
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The resulting grey matter segments of each brain scan in native space were then highdimensionally registered to create a common group specific reference template using DARTEL (Ashburner, 2007) . This group specific template served to accommodate potential
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NICL-17-149R1 Kuhla et al. APPswe/PS1dE9 mice and voxel-based morphometry 8 gross differences in brain morphology between the APPswe/PS1dE9 (tg) and the wildtype (wt) mice, as well as between the C57BL/6J and C3H/HeJ background of our animals and the C57BL6 reference. Individual flow-fields resulting from the DARTEL registration to the reference template for each scan were used to warp the GM segments and voxel-values were modulated for volumetric changes introduced by the high-dimensional normalization, such that the total amount of GM volume present before warping was preserved. Finally, the normalized maps were smoothed with a 0.5 mm full width at half maximum isotropic Gaussian kernel before subsequent statistical analysis.
Tissue sampling
All mice were sacrificed after experimental procedures according to approved animal experimental protocol and brain tissue was harvested for histopathological analysis.
Histopathology
For immunohistochemical analysis, brain tissue was fixed in 4% phosphate-buffered formalin for 5-6 weeks and subsequently embedded in paraffin. From the paraffin-embedded tissue blocks, 4 µm thin sections were put on X-tra Adhesive Precleaned Micro Slides (Leica) and exposed to a mouse monoclonal anti-Aβ antibody (clone 6E10; 1:1000, BioLegend (previous Covance); as described by Sudduth et a., 2013), rabbit polyclonal anti-GFAP antibody 
Results
Morphometry
Even at a liberal p-value of p < 0.01 at 17 df we found only a few scattered clusters of reduced grey matter volume in tg animals compared with wt controls throughout several brain regions, including caudate, hippocampus and cerebellum (Fig. 1 ). The opposite contrast (i.e. increased grey matter volume in tg vs. wt animals) revealed scattered cluster in other brain regions but to a similar extent (data not shown). The effects in both directions did not survive a p-value of p < 0.05 using false discovery rate (FDR) correction (Genovese et al., 2002 ), suggesting that the majority of findings represents false positives.
MR spectroscopy
In Figure 2A a transversal T2 weighted MRI image including position of the spectroscopy voxel (red dashed box) is shown. An example of a MRS spectrum as derived from the voxel of interest is shown in Figure 2B . Two prominent metabolites, i.e. N-acetylaspartate (NAA resonates at 2.0 ppm) and creatine (Cr at 3.0 ppm) from a tg mouse are evident and were further evaluated across all animals. MR spectroscopy revealed a moderate and marginally significant (p = 0.052) difference of up to 10% of NAA/Cr ratio in wt mice when compared to tg mice of the same age (NAA/Cr ratio wt 0.97 ± 0.02, tg 0.89 ± 0.03).
Immunohistochemistry
In general, brain tissue of wt mice (Fig. 3A, upper Fig. 3C) . Again, there was no change of GFAP positive cells in the hippocampus in response to the transgenic genotype when compared to wt mice (Fig. 3C) .
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Discussion
In this work, we combined MRI-based morphometry, MRS-based NAA-assessment and histological assessment of neurons, glial cells and amyloid plaque load in the APPswe/PS1dE9 mouse model whereby the brain was not sectioned serially. For this study, we used voxel-based morphometry of high resolution anatomical MRI scans to determine a pattern of volume reduction, in analogy to brain atrophy in AD. MRI is extensively used for months APPswe/PS1dE9 mice (present study) were too young to exhibit any brain atrophy.
However, we found reductions of cortical neuron numbers, which is in line with previous findings in APPswe/PS1dE9 mice (Christensen et al., 2008) showing reduced numbers of neurons in the striatum (Richner et al., 2009 ). This cortical neuron loss, however, was not reflected in the MRI based gray matter morphometry findings. In summary, the discrepant literature on MRI volumetric changes might strongly be dependent on the age and on the mouse strains, being used (Kärkkäinen et al., 2015) . An alternative explanation for the discrepancy between missing atrophy despite neuronal loss may be the already described
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NICL-17-149R1 Kuhla et al. APPswe/PS1dE9 mice and voxel-based morphometry 13 increase of glial cells (Manaye et al., 2007) in the corresponding brain regions that different to human AD may mask the effect of neuron loss on gray matter volume estimates from MRI.
Indeed, recent evidence from a prospective intervention study in wt mice suggest that both hippocampal neuroneogenesis induced by physical exercise and glial cell numbers contribute to MRI based hippocampus volume estimates (Biedermann et al., 2016) .
Unfortunately, we were not able to correlate MRI and histology findings on a regional basis since we performed the histology analysis post hoc when we found no atrophy effects (so that sections could no more be matched to the MRI regions). A prospective study with parallel sampling of brain MRI and tissue sections would be valuable to provide quantitative evidence on the relative contribution of neuron and glia cells numbers on estimates of brain volume in MRI. To draw conclusions on the current study it should kept in mind that the estimation for the hippocampal volume might be less accurate than that of the neocortex when using 2D instead of isotropic 3D sequences.
In human studies, the major contributor to atrophy is thought to be dendritic and neuronal loss. In line with this, human studies of regional (e.g. hippocampal) MRI volumes show that 
Conclusions
In summary, APPswe/PS1dE9 mice as a model of AD showed an increase of Aβ plaques, a loss of neurons and an impairment of NAA/Cr ratio, which however was not accompanied with brain atrophy. As brain atrophy is one main characteristic in human AD conclusions from murine to human AD pathology should be drawn with caution. Values are given as mean±SEM. 
